Most large-scale production processes in biotechnology are performed in fedbatch operational mode. In contrast, the screenings for microbial production strains are run in batch mode, which results in the microorganisms being subjected to different physiological conditions. This significantly affects strain selection. To demonstrate differences in ranking during strain selection depending on the operational mode, screenings were performed in batch and fed-batch modes. Two model populations of the methylotrophic yeast Hansenula polymorpha RB11 with vector pC10-FMD (P FMD -GFP) (220 clones) and vector pC10-MOX (P MOX -GFP) (224 clones) were applied. For fed-batch cultivations in deep-well microtiter plates, a controlled-release system made of silicone elastomer discs containing glucose was used. Three experimental set-ups were investigated: batch cultivation with (1) glucose as a substrate, which catabolite represses product formation, and (2) glycerol as a carbon source, which is partially repressing, respectively, and (3) fed-batch cultivation with glucose as a limiting substrate using the controlledrelease system. These three experimental set-ups showed significant variations in green fluorescent protein (GFP) yield. Interestingly, screenings in fed-batch mode with glucose as a substrate resulted in the selection of yeast strains different from those cultivated in batch mode with glycerol or glucose. Ultimately, fed-batch screening is considerably better than screening in batch mode for fed-batch production processes with glucose as a carbon source.
Introduction
Shaken bioreactors -especially shake flasks and microtiter plates -are typically applied in biotechnological highthroughput screening and process development (Büchs, 2001; Duetz, 2007; Rao et al., 2009) . In shaken bioreactors, the batch operational mode is generally used for microbial cultivations (Kennedy et al., 1994; Weuster-Botz et al., 2001; Kumar et al., 2004) . Consequently, high initial substrate and buffer concentrations in the media are needed. These high concentrations, however, may directly inhibit microorganism growth or product formation (Stöckmann et al., 2003a) . Moreover, such high concentrations can indirectly inhibit the microorganisms by, for example, increasing the osmotic pressure. In addition, high substrate concentrations may repress product formation in catabolite-repressed systems (van Wijk, 1968; Kramarenko et al., 2000; Stasyk et al., 2004; Browning et al., 2005) . Moreover, some microorganisms such as Escherichia coli and Hansenula polymorpha respond to high initial substrate concentrations by showing overflow metabolism (Xu et al., 1999; Gellissen, 2002) . Here, large amounts of undesired byproducts such as acetic acid or ethanol are secreted. Consequently, unlike the typical small-scale screening processes in batch mode, most industrial production processes are performed in fed-batch mode (Wittmann et al., 1995; Larsson et al., 1997; Kim et al., 2004) .
Different operational modes indeed lead to changes in the metabolic parameters of a microorganism. Jeude et al. (2006) compared controlled-release fed-batch and batch mode fermentations of H. polymorpha. They found that providing low levels of glucose avoids byproduct formation caused by overflow metabolism. Here, derepression occurred for H. polymorpha RB11 pC10-FMD (P FMD -GFP), leading to 35-and 420-fold green fluorescent protein (GFP) formation on Syn6-MES and YNB mineral medium compared with the batch mode, respectively. Furthermore, Oh et al. (2004) showed that the carbon source significantly affects the transcription profile of this microorganism. They demonstrated that the expression of 32 genes changed with methanol as a carbon source compared with glucose as a carbon source (Oh et al., 2004) . Preliminary results on H. polymorpha by Stöckmann et al. (2009) indicated considerable variations in screening depending on the operational mode selected. Therefore, the aim of this paper is to study the fundamental hypothesis that the screening for and the ultimate selection of the best possible yeast strains markedly depend on the actual operational mode used.
In recent years, various methods have been developed for cultivating microorganisms in high-throughput systems, utilizing fed-batch mode in shake flasks or microtiter plates. Panula-Perälä et al. (2008) introduced a technique for cultivation in fed-batch mode in shaken bioreactors using an enzyme-controlled glucose auto-delivering system. Moreover, Jeude et al. (2006) presented an easy-to-use controlled-release system for fed-batch cultivation in shake flasks without the need for additional enzymes or equipment. Furthermore, a comparable technique was published for fed-batch cultivation in microtiter plates with immobilized controlled-release systems at the bottom of each well (Huber et al., 2009; Stöckmann et al., 2009) . The fed-batch cultivation method in microtiter plates used in this paper is based on the work of Jeude et al. (2006) .
Since it is now possible to screen in fed-batch mode, it is currently feasible to simultaneously compare various microorganisms using different operational modes. Thus, H. polymorpha RB 11 clones have been chosen as the model microorganisms for the screening experiments detailed in this paper. This methylotrophic yeast is a well-known platform for expressing peptides and proteins such as hirudin and phytase (Weydemann et al., 1995; Faber et al., 1996; Hollenberg & Gellissen, 1997; Mayer et al., 1999; Gellissen, 2000) . Several yeast promoters, such as that of the formate dehydrogenase (FMD) gene (Hollenberg & Gellissen, 1997) , have been studied using b-galactosidase or GFP as the product of the respective reporter gene (Amuel et al., 2000) . Furthermore, the yeast promoter of the methanol oxidase (MOX) gene is used for the production of recombinant proteins (Ledeboer et al., 1985) . These promoters are regulated by the presence of different carbon sources (Gellissen, 2002; Kensy et al., 2009) . With regard to methanol metabolism, the expression of these promoters is induced by methanol as a carbon source (Egli et al., 1980) . With glucose as a carbon source, however, they are both catabolite repressed. Yet, they are derepressed in the presence of low concentrations of glycerol (Gellissen, 2002) . Derepression of product formation occurs when the glycerol concentration decreases below a specific value. This was demonstrated by Stöckmann et al. (2003a) for a human interferon (IFN-a-2a)-producing H. polymorpha RB11 strain with the FMD promoter for product formation. With glucose as a carbon source, the derepression occurs at significantly lower concentrations. Thus, the choice of the carbon source and the operational mode are very important aspects for process development, especially with glucose as a carbon source, where, during fedbatch cultivation, the glucose concentration is maintained below the catabolite-repressing value to enable product formation. Instead of the typically applied batch mode cultivation with glycerol, Mayer et al. (1999) , for example, demonstrated that the fed-batch mode of cultivation with glucose as a carbon source is the most effective process for producing phytase under the control of the FMD promoter using recombinant strains of H. polymorpha. Furthermore, they stated that the use of glucose instead of glycerol as a substrate reduced the cost of raw materials by 80% (Mayer et al., 1999) . Therefore, H. polymorpha represents the optimal model microorganism to demonstrate how strain selection depends on which operational mode is selected.
For transformation of H. polymorpha, usually, the Hansenula autonomously replicating sequence (HARS) is used (Gellissen, 2002) . Vectors with the HARS stably integrate recombinant DNA into the genome of the host (Janowicz et al., 1991) . The transformation results in various clones with different plasmid copy numbers and integration sites in a head-to-tail arrangement (Gellissen et al., 1996) . The expression characteristics of the different clones depend on various parameters such as the loci (loci effect) or the number (gene dosage effect) of the integrated plasmids (Janowicz et al., 1991; Zurek et al., 1996; Kang et al., 2001 ). Therefore, several hundred different clones are generated and have to be screened for the best productivity under the desired cultivation conditions.
In this paper, the feasibility and the advantages of controlled-release fed-batch screening in microtiter plates are compared with conventional glycerol and glucose batch screenings. First, the cultivation conditions for the screening experiments were determined. Ninety-six deep-well microtiter plates were used for screening the yeast clones. For measuring oxygen transfer rates (OTR), a modified version of respiration activity monitoring system (RAMOS) was used (Anderlei & Büchs, 2001; Anderlei et al., 2004) . The optimal parameters for oxygen-unlimited screenings were identified by applying this MicroRAMOS for measurement of the OTR in deep-well plates. Then three parallel screening experiments with H. polymorpha as the model microorganism were performed. The first experiment used glucose as a carbon source in batch mode. The second one utilized glycerol in batch mode. The third experiment involved the controlled-release fed-batch operational mode using suspended glucose-containing silicone discs.
Materials and methods

Microorganisms and culture storage
Hansenula polymorpha wild-type strain (DSM 70277), et al., 1996) and RB11 clone strains with pC10-FMD (P FMD -GFP)-inserted and pC10-MOX (P MOX -GFP)-inserted (Amuel et al., 2000) plasmids were maintained at À 80 1C in an SYN6-MES medium. Stock cultures contained 200 g L À1 glycerol (SigmaAldrich Chemie GmbH, Steinheim, Germany). Hansenula polymorpha RB11 clones were described by Amuel et al. (2000) and Gellissen (2000) .
Media and solutions
Hansenula polymorpha was cultivated in a Syn6-MES medium (Gellissen, 2004) . The Syn6-MES mineral medium was prepared according to Jeude and colleagues (Gellissen, 2004; Jeude et al., 2006) . Bacto Yeast Extract; Becton Dickinson GmbH). The medium was adjusted to pH 6.5 (Stöckmann et al., 2003b; Gellissen, 2004) . For agar plates, 18 g L À1 agar (Carl Roth GmbH & Co.) was added.
Passaging, stabilization and selection of newly transformed H. polymorpha RB11 clones
Hansenula polymorpha RB11, with uracil auxotrophy as the selection marker, integrates a vector received by transformation into the genome and becomes a stable strain (Degelmann et al., 2002; Gellissen, 2004) . The missing URA3 expression cassette is delivered with the vector, and uracil prototrophy is reacquired (Klabunde et al., 2002 (Klabunde et al., , 2003 Gellissen, 2004) . The various clones are genetically diverse after the transformation with the vector as the number and locus of integration varies (Klabunde et al., 2002 (Klabunde et al., , 2003 Gellissen, 2004) . The vectors consist of a GFP expression cassette that is either controlled by an FMD promoter [vector name: pC10-FMD (P FMD -GFP)] or a MOX promoter [vector name: pC10-MOX (P MOX -GFP)]. The transformation method is specified in Dohmen et al. (1991) . To accelerate and force the vector integration, 11 steps of cultivation were performed in deep-well plates. Such a procedure, involving eightfold passaging, twofold stabilization and a single cultivation step selecting stable strains, was performed similar to the method of Stöckmann et al. (2003b) . Colonies were picked randomly from YPD-medium agar plates. Each well of a 96-deep-well plate with 2.2-mL squared wells (Type: AB-0661; ABgene, Hamburg, Germany) was filled with 200 mL of sterile Syn6-MES mineral medium with 20 g L À1 glucose. Each well was inoculated with yeast biomass from a particular colony. Hansenula polymorpha wild type (DSM 70277) and H. polymorpha RB11 without the pC10-vector were cultured simultaneously as the negative control for the product formation. The negative control strain H. polymorpha RB11 was always supplemented with additional 40 mg L À1 uracil to circumvent the uracil auxotrophy of the strain. As the sterile control, two wells were left with a sterile medium. This microplate was sealed with a semipermeable membrane (art.-no.: AB-0718; ABgene) and incubated in water vapor-saturated air and a shaking frequency (n) of 400 r.p.m. and a orbital shaking diameter (d 0 ) of 50 mm at 37 1C for 48 h. The plate was used as an inoculum for a fresh plate after 48 h, where 10 mL was pipetted into 190 mL of fresh Syn6-MES mineral medium (inoculum ratio: 1 : 20). This procedure was repeated six more times, resulting in a total of eight passaging steps. This was followed by two further passaging steps in YPD complex medium for 24 h, respectively, under the same conditions to remove episomal vectors that had not yet been integrated into the host genome. After both stabilization steps, a single step in Syn6-MES medium was performed to select the stable strains with the marker gene, which were then kept in Syn6-MES mineral medium with 200 g L À1 glycerol as cryocultures at À 80 1C.
Cultivation and measurement of OD and GFP
For cultivation, 96-deep-well plates (art.-no.: AB-0661; ABgene) were filled with 200-500 mL medium and were sealed with a semi-permeable membrane (art.-no.: AB-0718; ABgene). The yeasts to be screened were cultivated at 37 1C, 400 r.p.m. and with a shaking diameter of 50 mm on a LabShaker LS-W (Kühner AG, Birsfelden, Switzerland). OD 600 nm was measured using a Bio-Tek spectrophotometer (Bio-Tek Instruments GmbH, Bad Friedrichshall, Germany). In the case of H. polymorpha, 1.0 g cell dry weight (CDW) L À1 medium corresponded to an OD 600 nm of 0.93. These samples were measured against fresh medium in the same microtiter plate (Greiner Bio-One, Frickenhausen, Germany). GFP intensities were determined fluorometrically in black 96-well microtiter plates (art.-no.: 655096, Greiner Bio-One) at a filling volume of 200 mL per well. The emission measurement was performed at l = 520 nm after excitation at l = 485 nm using a FLUOstar 0403 reader (BMG Labtech GmbH, Offenburg, Germany). All measurements were carried out in a linear concentration range compared with GFP standards. The suspension and dilution medium was 100 mM phosphate buffer pH = 7.0. The fluorescence intensities were correlated against different protein contents of the GFP standard and determined using a standard Bradford test (Bradford, 1976) . The GFP standard solution was kindly provided by Dr J. Drossard [Institute of Molecular Biotechnology (Bio VII), RWTH Aachen University, Aachen, Germany].
Online measurement of OTR, carbon dioxide transfer rate (CTR) and respiratory quotient (RQ) using the MicroRAMOS device A RAMOS device was introduced by Anderlei and Büchs to measure the OTR, the CTR and the RQ in shake flasks (Anderlei & Büchs, 2001; Anderlei et al., 2004) . This device has already been used successfully for several investigations (Hermann et al., 2001; Raval et al., 2003; Silberbach et al., 2003; Stöckmann et al., 2003a; Danielson et al., 2004; Losen et al., 2004; Maier et al., 2004; Peter et al., 2004; Jeude et al., 2006; Scheidle et al., 2007) . A commercial version is available from Hitec Zang GmbH (Herzogenrath, Germany). For deep-well plates and microtiter plates, a modified version of the RAMOS, termed MicroRA-MOS, was developed. The fermentations were conducted in regular 96-deep-well plates covered with a specially designed lid. The MicroRAMOS device was designed and operated so that the hydrodynamic conditions in the liquid phase and the concentrations in the gas phase were identical to those in regular deep-well cultures sealed with semi-permeable seals. The OTR is measured as the sum parameter of all wells of one microtiter plate. Thus, only information for the whole plate is available and not for each individual well. For measuring the OTR, two valves, one for the inlet air and the other for the outlet air, are applied for each plate. A repetitive sequence of a rinsing phase and a measuring phase is applied in the cultivation. During the rinsing phase, both valves are open and an airflow supplies the plate with fresh air. In the measuring phase, both valves are closed and the slope of the decreasing p O2 in the headspace above the plate is measured. With this slope, the OTR is calculated. A commercial version is available from Kühner AG.
Silicone elastomer discs
To manufacture the release systems, solvent-free two-component silicone Sylgard TM 184 (components A and B) as well as the catalyst Syl-off TM 4000 (Dow Corning, Wiesbaden, Germany) were used. The ratio between the two components A and B was 10 : 1 as recommended by the manufacturer. At a concentration of 0.1% (w/w), catalyst Syl-off TM 4000 was added. Anhydrous glucose was supplied by Sigma Aldrich Chemie GmbH with the highest degree of purity. The glucose was milled with a vibration micromill (Spartan TM , Fritsch, Idar-Oberstein, Germany) in a highgrade steel mortar and then sieved with test sieves (Fritsch). The fraction with particle sizes ranging from 20 to 50 mm was used. First, a mixture consisting of component A of Sylgard TM 184, glucose (30% w/w) and catalyst Syl-off TM 4000 was weighed and degassed in a desiccator in a 30 mbar vacuum for 0.5 h. Then, component B of Sylgard TM 184 was added. The finished mixture was casted on a glass plate with a casting knife (gap 1.1 mm) and then cross-linked at 50 1C in a convection oven for 3 h.
Off-line release measurement of glucose from silicone discs in deep-well plates
The release of glucose from discs in deep-well plates under fermentation conditions was studied by adding one silicone elastomer disc (D = 5 mm; H = 1.1 mm) into 300 mL of 0.1 M sodium phosphate buffer (pH = 7.0). Contamination was prevented by adding 0.2 g L À1 NaN 3 (Merck KGaA, Darmstadt, Germany). The medium was not inoculated with any microorganism, and all other conditions were kept the same as in cultivation. For samples of 300 mL, one well after another was emptied. The concentration of glucose in the samples was determined using an enzyme assay (Bergmeyer, 1983; Roche, 2000) . For calibration, aqueous glucose solutions were prepared with concentrations ranging from 0.05 to 0.50 g L À1 . Ninety-six-well microtiter plates (Greiner)
were applied for the photometric measurements. The first columns of the microtiter plate were used for the dilution series and the last column with water as the blank. The other columns were utilized for the sample solutions. The microtiter plate was covered and shaken at ambient temperature and 100 r.p.m. for 45 min. The extinction of NADH was measured in the linear range at l = 365 nm using a Powerwave X 340 reader (Bio-Tek Instruments GmbH). For sterilization of the deep-well plates, with the controlledrelease systems, plasma sterilization was chosen. It was demonstrated that this method had no significant influence on the glucose release of the system and the growth of the microorganisms (data not shown).
Screening conditions
The parameters for the screening attempts were set according to the results from the experiments for the determination of the screening parameters. Two sequential precultures were inoculated in deep-well plates, with each well having a filling volume of 300 mL. For the first preculture, YPD complex medium with 10 g L À1 glucose was used. For the second preculture, however, Syn6-MES mineral medium with 10 g L À1 glucose was utilized. Two sequential precultures were conducted to offer optimal growth conditions after the cryophase. From the second preculture, three screening cultures per clone were inoculated with a ratio of 1 : 30 in Syn6-MES medium in deep-well plates. Thus, three fermentations were performed, namely one in batch operational mode with 10 g L À1 glucose as the carbon source, another one in batch mode with 10 g L À1 glycerol and the final one in controlled-release fed-batch mode with glucose. The exact amount of glucose fed via the controlled-release technique depended on the fermentation time because of continuous release from the silicone discs. The released amount of glucose was calculated using the equation in Fig.  1 for the endpoint of the fermentation at 18.5 h as 10.2 g L À1 .
Results and discussion
Passaging, stabilization and selection of new transformed H. polymorpha RB11 clones
After passaging, stabilization and selection of newly transformed H. polymorpha RB11 clones, 220 strains with pC10-FMD (P FMD -GFP) as well as 224 strains with the pC10-MOX (P MOX -GFP) vector were generated. These genetically different strains represented the two different populations for the screening experiments.
Determination of the cultivation parameters for the screening experiments
Various experiments were conducted to ensure optimal cultivation conditions for oxygen-unlimited screenings.
The maximum oxygen transfer capacities (OTR max ) were measured to determine the exact oxygen transfer conditions in the shaken bioreactor. By varying the filling volume and shaking frequency, one can adjust the optimal parameters for an oxygen-unlimited screening. Therefore, the OTR max was measured for H. polymorpha. For online determination of the OTR, experiments were performed in the MicroRA-MOS similar to the method of Akgün et al. (2008) . The OTR courses of batch fermentations with H. polymorpha RB11 pC10-FMD (P FMD -GFP) in Syn6-MES mineral medium with 10 g L À1 glucose and varying filling volumes of 300-500 mL, respectively, were tested (data not shown). These experiments showed that at a shaking diameter of 50 mm, a filling volume of 300 mL and a shaking frequency of at least 400 r.p.m. are necessary to exclude oxygen limitation in this biological system in deep-well plates.
Glucose release from controlled-release systems in deep-well plates
Silicone elastomer discs containing glucose were described by Jeude et al. (2006) . Discs with 30% w/w glucose, 5 mm diameter and a constant height of 1.1 mm were placed in each square well of a 96-deep-well plate. These square wells had a side length of 7.8 mm. To verify the glucose release from plasma-sterilized silicone discs, off-line measurements were carried out. The absolute glucose release from the discs as well as the resulting glucose concentration in the medium (300 mL) vs. time is shown in Fig. 1 . The measured glucose release of a plasma-sterilized silicone disc with 30% (w/w) glucose, a diameter of 5 mm and a height of 1.1 mm shows linear kinetics and can be calculated with a linear fit (Fig. 1) .
Comparison of batch and fed-batch cultivation of H. polymorpha in deep-well plates
One H. polymorpha RB11 pC10-FMD (P FMD -GFP) clone was cultivated in parallel in 96 wells to demonstrate the reproducibility in a deep-well plate. The OTR of a controlled-release fed-batch experiment was tested in a Micro-RAMOS and is shown in Fig. 2 compared with a regular batch experiment in Syn6-MES mineral medium with 10 g L À1 glucose. In batch mode, the OTR attained its maximum of 0.043 mol L À1 h À1 at 11 h. Then, the OTR approached zero, because glucose was depleted. The CDW determined was 4.1 g L À1 ( AE 3.4%), and the GFP concentration reached 0.5 mg L À1 . In the fed-batch experiment, an OTR maximum of 0.035 mol L À1 h À1 was reached after 10 h (Fig. 2) . Subsequently, the OTR decreased and leveled out at about 0.01 mol L À1 h À1 at around 13 h, depending on the amount of glucose still being released from the silicone discs. This plateau gradually decreased to 0.005 mol L À1 h À1 at 24 h. The cultures had an average CDW of 5.6 g L À1 ,
and the SD was AE 12.1%. The consumed glucose calculated by the equation in Fig. 1 amounted to 12.8 g L À1 after 24 h.
The biomass yield (Y X/S ) was 0.44, which is 7.3% greater than in batch mode with 0.41. The GFP concentration was 26.4 mg L À1 , with an SD of 11.6%. This concentration is 53-fold higher than in batch mode. A comparable increase of GFP production in fed-batch mode compared with batch mode was also described by Jeude et al. (2006) for a similar experiment, in which a 35-fold higher GFP concentration in fed-batch mode was reached. Notably, these results prove that applying fed-batch operational mode in deep-well plates using the controlled-release technique is an effective and practical means of cultivation. Consequently, the actual differences in mass screenings of H. polymorpha RB11-derived clones in various operational modes can be distinguished using this new technique.
Screening of H. polymorpha RB11 clones with integrated pC10-FMD-(P FMD -GFP) vectors using different operational modes
The screening experiments were performed with H. polymorpha RB11 pC10-FMD (P FMD -GFP) clones. Two hundred and twenty stable strains with integrated pC10-FMD (P FMD -GFP) vectors have been obtained after passaging, stabilization and clone selection. These genetically diverse clones are ideal for the screening of a model population. Figure 3 shows the specific product formation in milligram GFP per gram CDW of the H. polymorpha clones with glucose as a carbon source in batch and fed-batch mode compared with glycerol as a carbon source in batch mode only. To better compare the product yields from the various tested modes, the 220 strains were sorted according to their particular product yield with glycerol in batch mode. Here, it was found that the average yield with glycerol as a carbon source was 1.6 mg GFP g À1 CDW, and the maximum yield was 14 mg GFP g À1 CDW. Of these 220 screened clones, a significant proportion of 39 clones (17.7%) did not form GFP at all using glycerol, whereas a product was formed with glucose in the corresponding cultures in batch and fed-batch mode.
In batch mode with glucose, only 16 (7.3%) clones reached a protein yield of at least 1 mg GFP g À1 CDW. The average yield was 0.5 mg GFPg À1 CDW and was 3.2-fold lower than in the batch with glycerol. The maximum product yield amounted to 1.5 mg GFP g À1 CDW, which is about one-tenth of the maximum yield for clones on glycerol. This result indicated a stronger catabolite repression on glucose than on glycerol. In comparison with the line shown in Fig. 3 representing glycerol as a carbon source, the corresponding peaks for glucose in batch mode were randomly scattered. No agreement in the results for the different carbon sources could be found. OD 600 nm,a = 0.5; pH a = 6.4. Silicone discs: diameter of silicone elastomer disc, D disc = 5 mm; height of silicone elastomer disc, H disc = 1.1 mm; 30% w/ w glucose; 96-deep-well plate with a semi-permeable seal.
The average yield in controlled-release fed-batch mode was 3.8 mg GFP g À1 CDW, which was 7.5-fold the yield of batch mode with glucose and twice that of batch mode with glycerol. A total of 83 clones (37.7%) were found in a yield range of 4-15 mg GFP g À1 CDW in contrast to batch screening on glycerol, where only 16 (7.3%) strains reached these yields. As a result of the glucose fed by the controlled-release discs, significantly more product was formed than that in batch mode because of lack of repression. This agrees with the results presented in Fig. 2 and the earlier results of Jeude et al. (2006) . Some strains produce GFP on glucose as a carbon source in batch and fed-batch mode, but not with glycerol as a substrate (circle denoted as a in Fig. 3 ). Some other strains produce above-average GFP in fed-batch mode using glucose as a substrate, but not in batch mode on glycerol (circle denoted as b in Fig. 3) . However, the strain producing the highest GFP yield, in fed-batch mode, attained only a moderate yield with glycerol as the carbon source in batch mode (circle denoted as c in Fig. 3 ). Although product formation on glycerol is known to be less catabolite repressed, the four best strains in glycerol batch mode achieved only average yields in fed-batch mode (circle denoted as d in Fig. 3 ). These clone characteristics depend on the gene dosage and the loci effect, because the random integration of the vector into the genome leads to different effects on the metabolism and the productivity. These screening experiments were performed like conventional screenings, with measurements of biomass and product concentrations only at the end of the cultivation. The different phenotypes of the strains cannot be explained by dramatic changes in the biomass concentrations, because no significant trends can be seen (data not shown). It would be important, for example, to know the specific growth rates and kinetics of each strain to be able to better interpret the results of the screening measurements. It can be concluded from these results that the best strain for a fed-batch process would most likely be missed in either batch mode. This was also proven in a second similar screening experiment described by Stöckmann et al. (2009) .
Screening of H. polymorpha RB11 clones with an integrated pC10-MOX-(P MOX -GFP) vectors using different operational modes
The 224 H. polymorpha RB11 strains with the pC10-MOX-(P MOX -GFP) vector were tested as a second model population for the screening experiments. Figure 4 shows the product yield of the H. polymorpha pC10-MOX-(P MOX -GFP) clones in batch and fed-batch operational mode with glucose compared with a batch mode with glycerol. In Fig. 4 , the 224 strains were again sorted according to their particular product yield with glycerol in batch mode. In these experiments, it was found that the average and the maximum yield in batch operational mode using glycerol as a carbon source were 2.8 and 18.9 mg GFP g À1 CDW, respectively. Of these 224 screened clones, a significant proportion of 35 clones (15.6%) did not synthesize GFP in the presence of glycerol in contrast to the corresponding cultures with glucose in batch and fed-batch operational mode.
In batch mode screening with glucose as a carbon source, only four clones (1.8%) achieved yields of at least 1 mg GFP g À1 CDW. The average yield was 0.34 mg GFP g À1 CDW, which is 8.2-fold lower than that using glycerol as a carbon source. Compared with batch mode screening using glycerol as a carbon source, an 11-fold lower product yield of 1.7 mg GFP g À1 CDW was found. This was caused by the repressed protein production in batch mode cultivations with glucose as a carbon source. Compared with the curve shown in Fig. 4 using glycerol as a carbon source, the corresponding peaks for glucose in batch mode were randomly scattered. No agreement of the results for the different carbon sources could be found. The average yield in the controlled-release fed-batch screening with glucose was 4.7 mg GFP g À1 CDW. Compared with the average yields in batch mode with glucose and glycerol as carbon sources, this value was 13.9-and 1.7-fold higher, respectively. In the controlled-release-based fedbatch screening, much more product was formed than in batch mode, because the production was not repressed, such as in the screening with pC10-FMD (P FMD -GFP). One hundred and eleven clones (49.6%) reached yields 4 4 mg GFPg À1 CDW. In contrast, in batch mode with glycerol as a carbon source, only 48 clones (21.4%) reached such huge yields. The maximum yield in fed-batch mode was 16.6 mg GFP g À1 CDW and was 12.2% lower than in batch mode with glycerol. In Fig. 4 , similar distinctive characteristics, such as in the screening with the H. polymorpha RB11 pC10-FMD (P FMD -GFP) clones, were found. Some of the 224 clones produced GFP on glucose as a carbon source, but not with glycerol as a substrate (circle denoted as a in Fig. 4 ). Some other clones produced above-average GFP yields in fed-batch mode using glucose as a substrate, but not in batch mode on glycerol (circle denoted as b in Fig. 4 ). Other clones produced GFP using glycerol as a carbon source, but not at all with glucose (circle denoted as c in Fig. 4) . Interestingly, the H. polymorpha pC10-MOX-(P MOX -GFP), which produced the highest GFP yield in the glycerol batch mode, attained only a moderate yield with glucose as a carbon source in fed-batch mode (circle denoted as d in Fig. 4) . These different phenomena are caused by the loci effect and the gene dosage of the integrated plasmids, which reveal a strong effect on the metabolism and the productivity of the strains in different operational modes.
Compared with the screened H. polymorpha pC10-FMD (P FMD -GFP) clones, the average yields of the clones with pC10-MOX (P MOX -GFP) vectors in batch mode with glycerol were 75% higher. A second similar screening experiment resulted in the same ratio between the GFP yields of the FMD and the MOX promoters in the glycerol batch mode (data not shown). This value indicates that the MOX promoter is stronger compared with the FMD promoter using glycerol as a carbon source. Clearly, both screenings with different model populations show that the best strain for a fed-batch process would most likely not be found in either batch mode.
Conclusion
The newly developed controlled-release system presented in this work is an easy-to-use method for cultivating microorganisms in high-throughput fed-batch operational mode without the need for additional equipment such as tubes or pumps. The three different experimental sets presented here have shown enormous differences in which strains are actually selected for the best GFP yields. Therefore, the best strains for production on glucose in fed-batch operational mode can only be found using the same operation mode with glucose as a substrate in the screening. Additional experiments need to be conducted to substantiate this finding. In these experiments, the best strains from the screenings in batch and in fed-batch operational mode should be cultivated and compared in lab-scale fed-batch fermentations.
